Is active restoration the best approach to achieve ecological restoration success (the return to a reference condition, that is, old-growth forest) when compared to natural regeneration in tropical forests? Our meta-analysis of 133 studies demonstrated that natural regeneration surpasses active restoration in achieving tropical forest restoration success for all three biodiversity groups (plants, birds, and invertebrates) and five measures of vegetation structure (cover, density, litter, biomass, and height) tested. Restoration success for biodiversity and vegetation structure was 34 to 56% and 19 to 56% higher in natural regeneration than in active restoration systems, respectively, after controlling for key biotic and abiotic factors (forest cover, precipitation, time elapsed since restoration started, and past disturbance). Biodiversity responses were based primarily on ecological metrics of abundance and species richness (74%), both of which take far less time to achieve restoration success than similarity and composition. This finding challenges the widely held notion that natural forest regeneration has limited conservation value and that active restoration should be the default ecological restoration strategy. The proposition that active restoration achieves greater restoration success than natural regeneration may have arisen because previous comparisons lacked controls for biotic and abiotic factors; we also did not find any difference between active restoration and natural regeneration outcomes for vegetation structure when we did not control for these factors. Future policy priorities should align the identified patterns of biophysical and ecological conditions where each or both restoration approaches are more successful, cost-effective, and compatible with socioeconomic incentives for tropical forest restoration.
INTRODUCTION
Restoration of deforested lands is a global priority spurred by ambitious international commitments (1) . For example, global initiatives, such as the Bonn Challenge (2) and the New York Declaration on Forests (3), aim to restore 350 million ha of forests on degraded forest and deforested land by 2030. Regional initiatives, such as 20 × 20 (4) and AFR100 (5) , aim to restore 20 million and 100 million ha, respectively, in Latin America and Africa. Within these initiatives, activities involving tree planting and soil preparation could cost between US $1,400/ha and US $34,000/ha (6, 7) , an enormous barrier for scaling up forest restoration worldwide. Restoration costs vary widely according to the different methods applied, ranging from lower-cost approaches for natural regeneration to higher-cost approaches for active restoration (8) (9) (10) . Natural forest regeneration is the spontaneous recovery of native tree species that colonize and establish in abandoned fields or natural disturbances; this process can also be assisted through human interventions such as fencing to control livestock grazing, weed control, and fire protection (11, 12) . In contrast, active restoration requires planting of nursery-grown seedlings, direct seeding, and/or the manipulation of disturbance regimes (for example, thinning and burning) to speed up the recovery process, often at a high cost to establish structural features of the vegetation (hereafter termed vegetation structure), reassemble local species composition, and/or catalyze ecological succession (10, 13) .
In general, practitioners and policymakers prefer more costly active restoration approaches over approaches based on natural regeneration (13, 14) . However, few robust comparisons of ecological outcomes of natural regeneration and active restoration have been conducted. The few recent studies conducted at the local scale showed contradictory results-for example, active restoration approaches can have higher (15) or similar plant diversity (16) to natural regeneration approaches. In contrast, natural regeneration has been shown to be the most costeffective approach for recovering biodiversity, ecological processes, and/or ecosystem services under favorable ecological conditions (8, 13, 14, 17, 18) . That is, natural regrowth forests provide higher return on investment in terms of multiple ecological outcomes. However, most of this conclusion is driven by the substantially lower cost of natural regeneration relative to active restoration (6) . Given these contradictory results, the limited number of past studies, and the small spatial scale at which these previous investigations were conducted, a useful alternative to quantifying the effectiveness of different restoration approaches is to conduct a global meta-analysis.
A recent global meta-analysis found no difference between active restoration and natural regeneration in terms of biodiversity recovery (19) . Nonetheless, selection of the best restoration approach (natural regeneration versus active restoration) must consider a suite of biotic and abiotic factors known to affect the rate of recovery of different forest properties during restoration and regeneration, such as the amount and type of forest cover at the landscape scale, annual precipitation, and intensity of past disturbance or previous land use (10, 13, 14, 17, 18, 20) . For example, comparisons of different restoration approaches in separate study areas of varying ages are plagued by confounding factors (19) . Active restoration is often favored in areas where natural regeneration is hindered, such as isolated sites with extensive deforestation, low precipitation rates, and long history of intensive disturbances or land uses that led to severe soil degradation, weed infestation, or loss of the seed bank and root sprouts. Thus, understanding the success of ecological restoration (compared to a reference condition; hereafter termed restoration success) for biodiversity and vegetation structure indicators based on different restoration approaches requires that these biotic and abiotic factors be taken into account during the analysis. To fill this knowledge gap, we posed the critical question: Is natural regeneration the most beneficial approach to achieve tropical forest restoration success for biodiversity and vegetation structure?
To answer this question, we conducted, for the first time, a metaanalysis in tropical regions for biodiversity and vegetation structure controlling for biotic and abiotic factors using the most comprehensive global data set on forest restoration to date (21) . The data set encompassed studies conducted in different forest ecosystems, with assessments of different taxonomic groups (mammals, birds, herpetofauna, invertebrates, and plants) and/or measures of vegetation structure (density, litter, cover, biomass, and height) in multiple sampling sites of both reference (a benchmark state) and degraded or restored systems. We grouped the large range of restoration methods into two main approaches, natural regeneration or active restoration, because larger sample sizes produce more robust results and, consequently, help find stronger global patterns. Although active restoration has often been favored despite its higher cost, we show that, after controlling for biotic and abiotic factors, natural forest regeneration can be more successful when certain conditions are met.
RESULTS
After controlling for amount of forest cover at the landscape scale, total annual precipitation, past disturbance type, and the time elapsed since restoration started, restoration success for biodiversity and vegetation structure was significantly lower in both natural regeneration and active restoration than in reference systems (from −0.39 to −0.07 and from −0.51 to −0.07, respectively) ( Fig. 1) . However, restoration success for both biodiversity and vegetation structure was significantly higher in natural regeneration than in active restoration systems (Fig. 1 ). Restoration success also varied among taxonomic groups and measures of vegetation structure. For biodiversity and vegetation structure, restoration success was 34 to 56% and 19 to 56% higher in natural regeneration than in active restoration systems, respectively (table S1). Nonetheless, restoration success was 7 to 17 % and 7 to 32% lower in natural regeneration than in reference systems, respectively (table S1). When these four factors were not controlled for, natural regeneration and active restoration systems did not differ for any measures of vegetation structure in terms of restoration success ( fig. S1 and table S2 ). For each taxonomic group we assessed, restoration success was higher in natural regeneration than in active restoration, except for mammals ( fig. S1 and table S2 ). Note that in our analyses, 74% of our biodiversity data were composed of two ecological metrics only, abundance and species richness.
Overall, restoration success increased with amount of forest cover, the time elapsed since restoration started, and increasing annual precipitation (figs. S2 and S3). These positive relationships occurred in naturally regenerated systems for plants and litter and in active restoration systems for cover and litter. We found few negative relationships for the other taxonomic groups and measures of vegetation structure. For example, the restoration success of vegetation structure in naturally regenerated systems increased with amount of forest cover and precipitation but decreased with the time elapsed since restoration started ( fig. S2) . Nonetheless, the latter relationship may be correlated with the fact that only a few studies have followed restoration over long time intervals. As expected, restoration success tended to be higher in areas subject to extensive as opposed to intensive past disturbance type (see the definition in Material and Methods) for biodiversity and vegetation structure in both natural regeneration and active restoration (figs. S2 and S3).
DISCUSSION
Our meta-analysis for tropical forests demonstrated, for the first time, that ecological restoration success is higher for natural regeneration relative to active restoration for biodiversity and vegetation structure when controlling for biotic and abiotic factors. This result runs counter to the prevailing view that active restoration should be the preferred approach for accelerating recovery of biodiversity and vegetation structure in tropical regions (15) . Natural regeneration is initiated through the colonization of opportunistic and locally adapted species, resulting in a stochastic dynamic process of forest restoration that ultimately leads to higher diversity of native, locally adapted plant species than in tree planting schemes (that is, active restoration) (13, 22) . Active restoration also can create a highly diverse habitat through human introduction of up to 6000 seedlings/ha (23), but tree species used in plantings often lack the full range of functional traits found in natural regrowth forests (13) . In addition, most tropical forest plantings for restoration or forest plantations use relatively few species (2, 24), that is, these plantations may not be planted primarily for biodiversity outcomes. Thus, the higher plant biodiversity in naturally regenerated systems creates more habitats and resources, which provide additional sources of food, shelter, nesting, and breeding sites, to support higher animal biodiversity (13, 25) .
Higher plant biodiversity in naturally regenerating forests also supports higher levels of heterogeneity in vegetation structure (13) . In early successional stages, naturally regenerated systems can exhibit a patchy distribution of trees with more variable tree density (26) and slower rates of biomass accumulation per hectare (27, 28) than in active restoration systems. Nonetheless, these differences tend to diminish as ecological succession proceeds (15) , especially because the time elapsed since restoration started is the main driver of forest restoration success for a range of measures of vegetation structure (29) . In our data set, for vegetation structure, the time elapsed since restoration started varied between 0 and 60 years, and because time was one of the controlled factors in the analyses, the differences became increasingly evidentnatural regeneration surpassed active restoration in terms of ecological restoration success for all measures of vegetation structure.
When we did not control for biotic and abiotic factors, we found no difference between active restoration and natural regeneration for all measures of vegetation structure. Meli et al. (19) found a similar result for biodiversity, but our studies differ greatly in four main aspects. First, we used analytical methods that controlled for the variation in biotic and abiotic factors, which can greatly affect the study outcome, as we have shown here. Second, the global meta-analysis completed by Restoration success Natural regeneration Active restoration * * Fig. 1 . Meta-analysis controlling for the biotic and abiotic factors. Bootstrapped mean response ratio for biodiversity (plants, invertebrates, birds, mammals, and herpetofauna) and vegetation structure (cover, density, biomass, height, and litter) in natural regeneration or active restoration systems compared with reference systems controlled for the four biotic and abiotic factors (amount of forest cover at the landscape scale, total annual precipitation, past disturbance, and the time elapsed since restoration started). n, total sample size; sl, number of study landscapes (sample size used in each resampling to avoid spatial pseudoreplication). Each box plot shows the median value (central solid line) and first and third quartile ranges (left and right outer borders of the box) of 1000 resampled (with replacement) mean response ratios. Dashed lines indicate a response ratio of 0, that is, no difference to reference systems. Notches in boxes represent 95% confidence intervals, and thus, nonoverlapping notches between boxes imply a significant difference (66). *, not controlled for forest cover (always significantly different between natural regeneration and active restoration systems). For mammals and herpetofauna, restoration success was not estimated in active restoration systems because of the small number of study landscapes.
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Meli et al. (19) comprised both temperate and tropical ecosystems. Here, we focused only on tropical forest ecosystems to reduce noise created by combining studies from these different ecosystems, despite the available data by Crouzeilles et al. (21) . Restoration of temperate and tropical forests is affected by different biotic and abiotic factors. Third, we found that differences in restoration success between active restoration and natural regeneration differ among taxonomic groups, whereas Meli et al. (19) focused on the analysis for overall flora and fauna abundance, diversity, and biogeochemical functions. Fourth, our analysis included measures of vegetation structure that were omitted in previous studies. Thus, our findings indicate that amount of forest cover at the landscape scale, total annual precipitation, past disturbance type, and/or the time elapsed since restoration started must be controlled for when comparing restoration approaches to avoid misleading results. For example, the meta-analysis of Bonner et al. (27) , which did not control for key factors, showed higher biomass accumulation in active restoration systems, whereas local studies that controlled for past disturbance type showed higher long-term biomass accumulation in natural regeneration (30, 31) .
Our general results accord with previous studies that have found a positive relationship between biodiversity or vegetation structure and forest cover (32) , precipitation (18) , the time elapsed since restoration started (29, 33) , and less-intensive past disturbances (20) . Nonetheless, these studies did not analyze all these four biotic and abiotic factors together nor did they encompass both natural regeneration and active restoration systems. For example, less than 10% of the studies selected for use in a recent meta-analysis of restoration approaches (19) included comparisons between natural regeneration and active restoration systems within the same study areas. Thus, biodiversity and vegetation structure are related to these four biotic and abiotic factors in both types of restored systems but are affected to different extents.
The recovering assemblages in naturally regenerated and actively restored systems can have complementary values of biodiversity (34, 35) . Complementarity of assemblages in adjacent natural regeneration and active restoration systems might be key to reaching similar values of biodiversity to those found in reference systems. This hypothesis remains to be tested because only 11 studies quantified biodiversity in both systems, and only a few of them present information on the species pool for each system. Temporal trends of community assembly during natural regeneration of forests are poorly studied (36, 37) , and to date, only four studies have experimentally compared natural regeneration with active restoration (9, 15, 16, 38) . Future systematic reviews should also compare biodiversity assemblages of naturally regenerated and active restoration systems using more sensitive ecological metrics of community change than were applied in this investigation, such as similarity indices (39) . Note that 74% of our biodiversity data were composed of abundance and richness ecological metrics, both of which take orders of magnitude of time less to achieve restoration success than do metrics of species similarity and composition (29, 39, 40) . Thus, biodiversity can be more depleted in natural regeneration and active restoration systems than we report, which highlights the need for restoration practitioners and stakeholders to implement both kinds of restoration and enrich the species pool to improve restoration success within landscapes.
In summary, our study shows that (i) lower-cost natural regeneration surpasses active restoration in achieving tropical forest restoration success for biodiversity and vegetation structure, (ii) the extent of difference in terms of restoration success between active restoration and natural regeneration also differs among taxonomic groups and measures of vegetation structure, and (iii) biotic and abiotic factors must be controlled when comparing restoration approaches to avoid misleading results. Our findings should not be applied uncritically because there will be areas that are unsuitable for natural regeneration and where active restoration is the only suitable approach. In addition, mixing both restoration approaches might be key to attaining a richer species pool. Nonetheless, our findings support the view that restoration strategies should favor natural regeneration approaches when the social and ecological conditions are favorable and when biodiversity conservation is a high restoration priority. The mistaken notion that active restoration hastens biodiversity recovery compared to natural regeneration may have arisen because of a failure to control biotic and abiotic factors in previous analyses and the short-term monitoring period for forest restoration. One factor that was not controlled for in this study was the socioeconomic context where natural regeneration occurred (18) . Socioeconomic factors aligned with biotic and abiotic factors determine where natural regeneration occurs (13) . One of the major international and national policy priorities for the upcoming years is to align the identified patterns of biophysical and ecological conditions where each or both restoration approaches are more successful, cost-effective, and compatible with socioeconomic incentives and desired outcomes. Both approaches are urgently needed to achieve ambitious global forest restoration targets.
MATERIALS AND METHODS

Many of the materials and methods related to the data set and metaanalysis subsections are similar to those used by Crouzeilles et al. (29).
Data set
We used a global data set on forest restoration (21) to assess the most successful approach (natural regeneration versus active restoration) for restoring biodiversity (plants, invertebrates, birds, mammals, and herpetofauna) and vegetation structure (cover, density, biomass, height, and litter) in tropical forests. In this data set (21) , reference systems were defined as old-growth or less-disturbed forests (on the basis of the definition presented in a given selected study). Restored systems were defined as areas completely or partially cleared and that regenerated after disturbance, that is, selectively logged or initial or secondary forests. From this data set, we selected studies conducted in tropical regions that contained quantitative comparisons of biodiversity and/or vegetation structure in multiple sampling sites of both reference and restored systems. Tropical regions harbor the greatest number of restoration projects conducted with different methods (41) . We identified a total of 133 studies (table S3), which were spread across 115 study landscapes in five biogeographic tropic realms. In total, they contained 1728 quantitative comparisons between reference and either natural regeneration or active restoration systems. Details on the data collection and extraction can be found in the study by Crouzeilles et al. (21) .
Regarding measures of vegetation structure, density refers to the number of individuals per unit area, litter refers to the amount of leaf litter on the substrate, cover refers to the area covered by vegetation (measured in three forest strata-floor, understory, and canopy), biomass refers to the amount of below-and above-ground biomass produced (for example, basal area), and height refers to the vegetation height above ground (29) . We defined natural regeneration as forest regrowth following land abandonment, selective logging (21% of our data set for natural regeneration), or assisted recovery of native tree species through human interventions, such as fencing, to control livestock grazing, weed control, and fire protection (11, 12) . Active restoration entailed manipulating disturbance regimes through the use of thinning and burning, the establishment of nursery-grown seedlings, direct seeding, or plantations of tree species (11, 12) .
Meta-analysis
We defined ecological restoration as the process of assisting the recovery of an ecosystem that has been degraded, damaged, or destroyed (42) . We compared the restoration success of each taxonomic group and each measure of vegetation structure in natural regeneration and active restoration systems after controlling for four biotic and abiotic factors (amount of forest cover at the landscape scale, total annual precipitation, past disturbance type, and the time elapsed since restoration started). To do so, we used the response ratio [ln(x/y)] to quantify a standardized mean effect size (43) for a comparison of a mean value of a quantified biodiversity or vegetation structure variable between natural regeneration or active restoration (x) and reference (y) systems within the same study (29, 39, 44) . Negative effect size or response ratio means lower values of biodiversity or vegetation structure in the natural regeneration/active restoration systems than in the reference system, whereas the opposite holds for a positive effect size. Values around zero are the desired outcome of restoration success, that is, natural regeneration/active restoration systems have reached a benchmark or reference state. The standardized mean effect size is a useful measure to compare two natural groups with respect to some quantitative and normally distributed dependent variable (45) . Nearly half of all published meta-analyses in ecology have used the response ratio metric (46, 47) . The advantage of response ratio compared to other weighted metrics is that it needs only a raw mean value for the dependent variable for two groups, whereas other weighted metrics also need the variance (or SDs) and sample sizes for two groups (48) . Thus, we used the response ratio as the standardized mean effect size because we were interested in obtaining as much information as possible from the available studies to perform separate analyses for each taxonomic group and each measure of vegetation structure. This would not have been possible using a weighted response ratio because many studies did not provide information on variance or SDs.
For each comparison of either a biodiversity response or a measure of vegetation structure within the same assessment, we calculated a standardized mean effect size between reference and restored systems. Measures of either biodiversity or vegetation structure in both restored systems (natural regeneration and active restoration) are usually lower when compared to reference systems. For measures of either biodiversity response or vegetation structure that are a priori expected to be higher than in restored systems, we inverted the sign of data following previous studies (29, 44, 49) . The sign of the following measures was inverted: (i) openness, (ii) introduced species, (iii) grasses, (iv) exotic species, (v) herbs, (vi) open-habitat species, (vii) gap species, (viii) trees of diameter at breast height <10 cm, and (ix) bare ground percentage (29) .
A study landscape [based on the geographic coordinates reported by the selected studies in the data set of Crouzeilles et al. (21) ] could have multiple standardized mean effect sizes due to, for example, multiple studies in the same study landscape or multiple measures for the same taxonomic group (for example, abundance, richness, diversity, and/or similarity) [for further details, see the study by Crouzeilles and Curran (32) ]. Thus, to avoid spatial pseudoreplication, we resampled (with replacement) our data set (1000 bootstraps with replacement) by study landscape. We used only one comparison of each taxonomic group or measure of vegetation structure per study landscape at each resample (29, 39, 49) . Thus, for each bootstrap procedure, we calculated the mean response ratio of the resampled standardized mean effect sizes, and after the 1000 bootstraps, we generated the median response ratio (that is, restoration success) and 95% confidence interval. Outliers were removed to achieve normally distributed residuals, which were checked by plotting residuals (50) .
Meta-analyses may suffer from publication bias, which is the probability that significant results are more likely to be published than nonsignificant results (48) . To test for publication bias, data on both study sample size and associated variance (or SDs) are required. As stated above, we selected some studies that did not report variance values, so it was not possible to evaluate publication bias. However, we believe that publication bias is not likely to be a problem in our data set because there are many studies reporting unsuccessful restoration outcomes (51) and approximately 45% of our data came from a review (49) that tested and found a low influence of publication bias.
Control of biotic and abiotic factors
Differences between restoration success in natural regeneration and that in active restoration systems can be driven by the following biotic and abiotic factors and their interaction: (i) amount of forest cover at the landscape scale, (ii) total annual precipitation, (iii) past disturbance type, and (iv) the time elapsed since restoration started (14, 17, 18, 20, 39) . These factors are recognized as important drivers of the rate and quality of forest restoration and regeneration (14) . The amount of forest cover in the landscape is a key landscape feature associated with forest restoration success (32) because it may facilitate seed dispersal, colonization, and conservation of wildlife populations (52) (53) (54) . High annual precipitation promotes tree growth and reduces fire frequency (55, 56) , which are key to determine rates of aboveground biomass recovery in lowland forests of Latin America (18) . Past disturbance can reduce the potential for natural regeneration (57) and strongly influence restoration success (20, 39, 58) . The time elapsed since restoration started is a major driver of forest restoration success, especially for measures of vegetation structure (29) ; hence, older restored systems (natural regeneration and active restoration systems) exhibit levels of biodiversity or vegetation structure more similar to reference systems than to younger restored systems.
We accounted for the variation in each of these four factors (hereafter termed controlled) by comparing only resampled sub-data sets (that is, at each of 1000 bootstrap procedures) of natural regeneration and active restoration systems that did not differ (P < 0.05) within each of these four biotic and abiotic factors. That is, we first selected two sub-data sets, one for natural regeneration and the other for active restoration, which considered only one data per study landscape. Then, we checked at each resample if there was a significant difference between both sub-data sets (natural regeneration and active restoration) for each of the four biotic and abiotic factors. If there was a significant difference for, at least, one of the four factors, then the resample procedure started again, that is, selecting two new sub-data sets. However, if there was no difference between both sub-data sets for the four biotic and abiotic factors, then we used these sub-data sets to compare the restoration success between natural regeneration and active restoration. We used one-way analysis of variance (ANOVA) for continuous factors (forest cover, the time elapsed since restoration started, and precipitation), and c 2 for categorical factors (past disturbance type). We did not conduct analysis for mammals and herpetofauna because restoration success was not estimated in active restoration systems because of the small number of study landscapes.
To gather information on amount of forest cover, past disturbance, and time elapsed since restoration started within each study landscape, we used the available information from the forest restoration data set of Crouzeilles et al. (21) . In this data set, the information for forest cover at the landscape scale provides the percentage of contiguous forest cover (1-km pixels with >60% forest cover only) within three different landscape sizes (that is, buffer sizes of 5-, 10-, and 100-km radius). These landscape sizes are based on a previous global meta-analysis that was conducted to identify the scale of effect (that is, best landscape size) of forest cover on restoration success for biodiversity and vegetation structure to avoid arbitrary decisions in this respect (14) . The landscape sizes that most plausibly explained forest restoration success for each taxonomic group and each measure of vegetation structure were 100-km radius for litter, 10-km radius for plants, and 5-km radius for mammals, birds, invertebrates, herpetofauna, biomass, density, cover, and height. See the study by Crouzeilles and Curran (32) for further details about the (i) database used for mapping forest areas (1-km-resolution land cover database) (59), (ii) procedures to calculate the amount of contiguous forest cover within each landscape, and (iii) scale of effect (that is, best landscape size) of continuous forest cover on restoration success for each taxonomic group and measure of vegetation structure. Past disturbance was classified into two types according to previous studies (20, 39, 58) : (i) extensive transformation or occupation-areas that were slightly transformed and remained under occupation for a short or long term (for example, partially cleared forests, agroforestry, and shaded plantations)-and (ii) intensive transformation or occupation-areas that were heavily transformed and remained under occupation for a short or long term (for example, clear cut, plantation, pasture, and agriculture). We did not further divide extensive or intensive land use types into other classes that consider the impact of both land occupation and transformation because it would have reduced the sample size for each class. The time elapsed since restoration started was measured in years (29, 39, (60) (61) (62) , that is, a higher value means a longer restoration time. Because of the lack of information on the total amount of precipitation per year for the selected studies in the forest restoration data set of Crouzeilles et al. (21) , we quantified the total annual precipitation within the same landscape size used to measure forest cover (buffer sizes of 5-, 10-, and 100-km radius) for each taxonomic group and measure of vegetation structure. This analysis was carried out in the R. 212 environment (63) using the R package "raster" (64) . The total annual precipitation was calculated as the mean value from all pixels that were within the specified landscape size. Precipitation data were downloaded from the WorldClim database (www.worldclim.org/current), generated by the spatial interpolation of climate surfaces measured at weather stations from 1950 to 2000 (65) .
Regression and box plot analyses
We quantified the relationship between mean effect size (at each resampled bootstrap) and each biotic or abiotic factor independently, that is, we controlled three factors and quantified the relationship with a specific one. Some of these analyses were not performed for biodiversity and vegetation structure because of either the small number of study landscapes ( fig. S2 ) or the lack of data (figs. S2 and S3). All analyses used in this study were performed in the R. 212 environment (63) .
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